ABSTRACT: Reliable quantitative methods for sampling invertebrate communities are critical for effective freshwater biomonitoring. We tested a range of devices and protocols for sampling benthic macroinvertebrates in shallow tropical lakes; this is the first time this has been attempted in Southeast Asia. First, a pilot study to identify a suitable artificial substrate and colonisation period was conducted. Coconut brushes combined with split palm fronds attracted the greatest macroinvertebrate abundance and richness. A colonisation period of 4 wk was sufficient to capture the key macroinvertebrate families and orders. Second, the sampling efficiencies of 7 artificial substrate sampler designs and 2 hydraulic suction devices were compared in rocky and soft-sediment littoral habitats of a reservoir in Singapore. Among the 9 different sampling techniques tested, the samplers containing coconut brushes and split palm fronds again were the most effective at capturing the greatest total abundance and family richness of benthic macroinvertebrates. Variation in community structure among sampler types was largely explained by the abundance of Chironomidae and Polymitarcyidae (Ephemeroptera). Results were similar between sites dominated by 'rocky' and 'vegetated' littoral habitats. This project identified a sampling device suitable for biomonitoring Singapore's lentic environment, with protocols likely to apply to shallow tropical lentic systems elsewhere. 
INTRODUCTION
The importance of biological monitoring (biomonitoring) of water quality is recognised in many countries worldwide (Spellerberg 1991 , Barbour et al. 1996 . The resident biota of aquatic systems indicate the quality of their environments because they are sensitive to the changes or stresses which occur within them (Bis et al. 2000 , Shostell & Williams 2007 . As a tool in ecological monitoring, biomonitoring can reveal both short-term and cumulative effects (Rosenberg & Resh 1993) , effectively complementing chemical monitoring procedures that may miss sporadic or unpredictable events (Spellerberg 1991) .
Benthic macroinvertebrates are the most commonly used group of freshwater organisms for the biological assessment of water quality (Wiederholm 1980 , Rosenberg & Resh 1993 , Thorne & Williams 1997 because they offer many advantages as continuous biological indicators of the waters they inhabit. They are ubiquitous, diverse, abundant and represent a wide range of pollution sensitivity (Cairns & Dickson 1971 , Modde & Drews 1990 , Battegazzore et al. 1994 . Their relatively long life cycle and sedentary nature makes them ideal organisms for spatial and temporal monitoring of the aquatic environment (Rosenberg & Resh 1993 ). In addition, sampling equipment is usually low in cost and relatively easy to use. As a concept, biomonitoring is well established, and many countries have adopted biotic indices in rapid assessment of streams and rivers during the past 30 yr (Sládeček 1973 , Clews & Ormerod 2009 ). However, biotic indices for lentic environments have been developed only recently in the USA and Europe (Blocksom et al. 2002 , Verneaux et al. 2004 , Rossaro et al. 2007 , and none are available for tropical lake systems in Southeast Asia, although biotic indices for lotic systems have been developed recently for Thailand and Vietnam (Mustow 2002 , Nguyen et al. 2004 .
As community data form the core of many biomonitoring programmes, accurate and precise quantitative sampling methods (maintaining cost efficiency) are important. Standardisation reduces bias and interreplicate variability, thus increasing confidence in comparisons among sites sampled (Rosenberg & Resh 1982 , Lamberti & Resh 1985 , Rinella & Feminella 2005 . To date, there is no single sampling device or method for collecting macroinvertebrates that can be applied to all freshwater environments. Instead, a variety of methods have been described for both lotic and lentic habitats (Merritt & Cummins 1996) . While standard procedures for sampling benthic macroinvertebrates in lotic habitats are well established, such as kick-or Surber-sampling, these are reliant on the water flow characteristic of streams and rivers and are therefore unsuitable for still waters such as ponds, lakes and reservoirs (Mason 2002) . A survey by Rosenberg & Resh (1993) revealed that dredges, grabs and corers were the most common choice for sampling lentic systems, accounting for more than 75% of all the samplers used in a survey of 50 contemporary lentic field studies. While such devices may work in habitats of unconsolidated substrate, they are not always effective in hard-bottom water bodies, such as municipal reservoirs (Downing & Rigler 1984) . Artificial substrate samplers or air lifts may be appropriate for the rocky habitats common in urban systems (Voshell & Simmons 1977 , Downing & Rigler 1984 , Rosenberg & Resh 1993 .
Artificial substrates, i.e. some form of standardised material introduced into the water body for a fixed period of time, can have advantages over 'instantaneous' samples. For instance, as benthic macroinvertebrates tend to selectively colonise a substrate, in a heterogeneous environment it can be difficult to ensure that samples collected using grabs, nets, etc. are comparable across sites (Crossman & Cairns 1974) . The use of an artificial substrate circumvents this problem by providing a uniform and reproducible area for colonisation by macroinvertebrates (Mason et al. 1973) . Artificial substrate samplers are also relatively low in cost, easy to use and can be applied in both lentic and lotic habitats (Czerniawska-Kusza 2004) . The primary drawback is that they can only sample what colonises them, and this might not represent the complete macroinvertebrate community (Modde & Drews 1990) . Since the 1930s, a variety of artificial substrate designs, including concrete slabs, limestone or rock-filled baskets, and multi-plate Hester-Dendy samplers, have been implemented in both lentic and lotic systems (e.g. Britt 1955 , Hester & Dendy 1962 , Mason et al. 1967 , Kreis et al. 1971 , Voshell & Simmons 1977 .
Hydraulic, air-lift or other suction devices are less commonly used in quantitative studies and biomonitoring programmes, perhaps because they were developed later and/or need more bulky and expensive equipment (Pearson et al. 1973 , van Arkel & Mulder 1975 . Many early air-lift devices work like corers, i.e. they required some insertion of the device into the substrate (e.g. Mackey 1972 , Larsen 1974 , and do not function as well on hard-engineered bottoms. Nevertheless,they are potentially effective in collecting macroinvertebrate samples from natural habitats (Downing & Rigler 1984) .
To date, no studies have tested the performance of artificial samplers or suction devices in Southeast Asian lentic systems, including the reservoirs of Singapore. Singapore is a highly urbanised city-state located just south of Peninsula Malaysia, 1°15' north of the equator. The country's standing waters primarily comprise 15 municipal reservoirs, 14 of which were built within the last century.
The objective of this study was to establish a sampling device applicable to these engineered, hard-bottom lakes. Initially, we conducted a pilot study to identify: (1) a material that encourages macroinvertebrate colonisation and (2) a suitable colonisation period for artificial substrate samplers. In the main study, we trialled 7 novel and classic artificial substrate samplers, and 2 hydraulic suction devices, to establish an appropriate sampling device for surveying macroinvertebrates in the littoral habitats of tropical urban reservoirs. We examined the family diversity, richness, abundance and community structure of invertebrates captured by the 9 different sampling devices. The performance of the samplers was also compared between 2 littoral habitat types (rocky and vegetated). This project is part of a larger endeavour to develop a biotic index for Singapore's lentic environment; however, the sampling protocols should be applicable to shallow tropical lentic systems throughout Southeast Asia.
MATERIALS AND METHODS
Study site. Singapore has a tropical climate; it is warm and wet all year round with relatively uniform temperatures and 2 monsoon periods. The northeast monsoon occurs around November to February, and the southwest monsoon between June and August. Singapore is small (land area ~697 km 2 ) and very densely populated, hence it is considered among the most water-stressed countries in the world (Tan et al. 2007 ).
The study was conducted at Lower Peirce Reservoir (1°22' 10" N, 103°49' 24" E), 1 of 4 reservoirs within the Central Catchment Nature Reserve of Singapore (Fig. 1) . Constructed in 1900, Lower Peirce is the second oldest reservoir in Singapore (Wee & Corlett 1986 ). It has a surface area of 59 ha, approximate depth of 7.6 m and a catchment area of 418 ha (Public Utilities Board unpubl. data). It overlies a range of plutonic rock known as Bukit Timah granite, which is typical of central Singapore (Gupta & Pitts 1993 , Lu et al. 2005 . Adjacent riparian land uses include a golf course (Island Golf Course) to the southeast, a public park (Lower Peirce Reservoir Park) to the east and secondary dipterocarp forests in the remaining areas (Chou et al. 2006) .
Macroinvertebrates were sampled from rocky and vegetated sites in the littoral zone of the reservoir (Fig. 1) . Bottom substrate composition at the rocky site was dominated by uneven granite boulders, rocks, pebbles and sand, while the vegetated site substrate comprised silt, sand and detritus. At the rocky site, bank-side vegetation was predominantly grass,whereas forest surrounded the banks of the vegetated site.
Pilot study: Comparison of colonisation period and materials used for cage samplers. Study design: A pilot study was first conducted from March to April 2008 to ascertain which material would be appropriate for artificial substrate samplers as well as to identify a suitable time period for colonisation of the samplers by invertebrates. Cage-type samplers containing 5 different materials were compared in a replicated study design; 3 replicate cages containing each material were deployed at 1.2 m water depth directly on the benthos for 4 wk in rocky and vegetated littoral sites.
An identical set of samplers was deployed at the same sites for 6 wk in order to explore the effect of an extended colonisation period on the invertebrate fauna captured by the samplers.
Sampler designs: Cage samplers were constructed from stainless steel wire-mesh (∅ 20 cm; height 10 cm, 1.2 cm 2 mesh size; Fig. 2a,b) . The samplers contained either: (1) aquarium balls, (2) plastic bottle brushes, (3) calcium carbonate tubes, (4) coconut brushes and split palm fronds or (5) granite gravel. The amount of each material in the cages was standardised within sampler types: 32 plastic aquarium balls of 4 cm diameter which were constructed of a matrix of criss-crossed plates (commonly used for biofiltration in aquaria); plastic bottle brushes: total length 120 cm and diameter 3 cm; 990 g calcium carbonate tubes with a wall thickness of 3 mm, 3 cm long and with an outer diameter of 1 cm; 2 kg of granite gravel (enough to fill the cage to 4 cm depth); coconut brushes totalling 42 cm long and 4.2 cm diameter plus 90 split palm fronds, each 90 cm in length. The split palm fronds were wound around the interior of the circular cage to form a 'nest' into which the coconut brushes were inserted. Samplers were anchored to the benthos with silicone-covered 0.9 kg lead diving weights. Buoys were secured to the sampler with nylon rope threaded through a PVC pipe (length 70 cm, ∅ 2.4 cm) to aid in deployment and retrieval (Fig. 2) .
Processing of invertebrate samples: Samplers were retrieved with a 250 µm mesh, 30 cm frame net (Rinella & Feminella 2005) . Entire samplers were then placed in plastic containers filled with soda water to narcotise the invertebrates. They were subsequently transported to the laboratory where the soda water was replaced with 95% methylated ethanol.
The artificial substrate was later washed through a 250 µm sieve. Material removed from the substrate was again preserved in 95% ethanol. Invertebrates were sorted first to order level in a 40 × 25 cm white tray under a good light (Mason 2002) , and subsequently to family level (except for Oligochaeta, Hirudinea, Acarina and Diptera pupae) using a low power light microscope (Meiji © EMZ-5). Primary taxonomic references used were Yule & Yong (2004) , Dudgeon (1999) 
and MRC (2008).
Main study: comparison of sampling devices. Study design: Whereas in the pilot study we compared artificial substrate materials, in the main study we focused more on the sampling device. The material used for the cage type samplers (coconut brushes and split palm fronds) and the colonisation period (4 wk) were determined from the pilot study (see Results).
A total of 4 replicates of 7 artificial substrate samplers were deployed in July 2008 at the rocky and vegetated sites at a depth of 1.2 m at 2 m intervals along a transect which ran parallel to the shore (~5 to 6 m from the bank). The positions of the sampler types were randomised within 4 replicate blocks. These were left in the water for 4 wk to allow colonisation by macroinvertebrates. Sampling using 2 suction devices was carried out on 16 July 2008 (2 wk after the deployment of artificial samplers) along the same transect. Again, 4 replicate samples were collected from rocky and vegetated sites using each device.
Sampler designs: The 9 sampling devices tested in this study comprised 7 artificial substrate samplers and 2 hydraulic suction samplers; 4 of the artificial substrate samplers were placed directly on the bottom and 3 were suspended in mid-water (0.6 m from the bottom, Fig. 2 ). All sampling devices were novel designs except for the Hester-Dendy constructed from tempered hardboard (Mamola 2005) . As in the pilot study, samplers were anchored with diving weights, and buoys were secured with nylon rope threaded through a PVC pipe. Midwater samplers were suspended by a 3 cm nylon rope off a horizontal arm fixed to the PVC pipe (vertical length 70 cm × horizontal length 36 cm, ∅ 2.4 cm, Fig. 2 ). Coconut brushes and split palm fronds were identified from the pilot study as the most appropriate materials for cage samplers, so they were further tested in this study (Fig. 2a) . Cages which contained only coconut brushes (brush length 112 cm, ∅ 4.2 cm, Fig. 2b ) were also trialled. In addition, a bag sampler was designed to increase the surface area of contact between the sampler and the benthos. Here, the cage was replaced by a flexible nylon mesh bag (base diameter range 20-25 cm × height range 15-20 cm, Fig. 2c ). The bag contained the same amount of coconut brushes as Cage-CB.
A 3-dimensional PVC 'puzzle' was constructed from sections laser-cut from roughened PVC sheet (0.3 cm thick). The sampler (12 × 12 × 8 cm) comprised 31 flat sections that were interlocked in such a way that 64 compartments of varying sizes were produced (Fig. 2d,g ). The puzzle pieces were designed to be easily dismantled for processing. They were trialled on the benthos and in mid-water.
Two types of multiplate Hester-Dendy samplers (Hester & Dendy 1962) were trialled in mid-water, 1 made of tempered hardboard, the other made from roughened PVC. Both Hester-Dendy samplers consisted of 14 circular plates 0.3 cm thick with a diameter of 7.6 cm, designed according to the US Environmental Protection Agency (EPA) and USA Geological Society of America (GSA) standard operating procedures in benthological studies (Mamola 2005 ; Fig. 2e,f) .
The 2 hydraulic sampling devices were designed for rapid sampling of benthic macroinvertebrates. For both devices, a high-walled aluminium quadrat (50 × 50 cm, height 20 cm) fixed to a 1.8 m handle was used to demarcate the sampling area. The suction end of the sampler was then swept within the quadrat for 30 s.
The air-lift sampler was powered by a SCUBA tank and designed to lift bottom fauna and fine sediments but not heavier pebbles and rocks. The device functioned by sucking the top sediments within the quadrat, in contrast to previous air-lift designs which require some insertion of the device into the substrate (e.g. Mackey 1972 , Larsen 1974 . Suctioned material was discharged into a detachable bag with a mesh size of 250 µm (Fig. 3a) .
A water pump sampler constructed from a modified 22 cc high torque 2-stroke single cylinder gasoline engine (Tanaka ® Model: TCP-25B/210) was used to sample within the quadrat for 30 s. Benthic material was filtered through a 500 µm mesh within a PVC collection chamber (27 cm length, 10 cm internal diameter, Fig. 3b ).
Invertebrate samples were processed following the same protocols used in the pilot study.
Statistical analyses. Data treatment: Diversity, family richness and total abundance were used to summarise community data (Rosenberg & Resh 1993 , Clarke & Warwick 2001 . The Shannon-Wiener diversity index (H') was used, as it is not strongly influenced by rare taxa (Pires et al. 2000) . Bonferroni corrections were applied for multiple tests (Tabachnick & Fidell 2001) .
Pilot study: Colonisation Period and materials used for cage samplers: A 3-way repeated measures ANOVA was used to examine the variation observed in diversity, family richness and total abundance of invertebrates between Colonisation Periods (within subjects), between Sites and among Samplers (between subjects). Interactions between Colonisation Period and Site, and Colonisation Period and Sampler type as well as Coloniosation Period , Site and Sampler were also investigated.
Variation in the total abundance, family diversity and richness of invertebrates between Sites and among Samplers was tested further for each Colonisation Period, 4 and 6 wk, respectively, using a 2-way multivariate ANOVA (MANOVA). Where differences were evident between Sites or Samplers, they were examined by 1-way MANOVA and Tukey pairwise comparisons.
Diversity and log-transformed abundance data conformed to the assumptions of ANOVA, and therefore p < 0.05 was considered significant. It was not possible to homogenise the variance of the richness of families because there was no variance in richness for 1 treatment; 12 taxa were present in each of the 3 coconut brush samplers retrieved after 4 wk from the rocky site. Therefore, only a more stringent p < 0.01 was considered significant for richness (Tabachnick & Fidell 2001) .
Main study: comparison of sampling devices: Variation in diversity, richness and abundance among Sites and Samplers was examined using a 2-way MANOVA. Tukey pairwise tests were used to make post hoc comparisons. Any interaction between Site and Sampler type for each variable were further investigated using 1-way ANOVA. Due to very low abundances and diversity in the samples collected by both of the hydraulic suction samplers, these data did not fulfil the assumptions of MANOVA and therefore were excluded from all analyses. All data were square-root transformed to homogenise variances and achieve normality (Hair et al. 1995) . MANOVA and ANOVA were performed in SPSS for Windows (version 17.0).
Variation in the structure of macroinvertebrate communities (across Samplers and Sites) was examined using non-metric multidimensional scaling (MDS) in PRIMER (Plymouth Routines in Multivariate Ecological Research, version 6) as it is a robust ordination method for analysing community data (Kenkel & Orloci 1986 , McCune & Grace 2002 , Clarke & Gorley 2006 . MDS ordination was based on Bray-Curtis similarities calculated on square-root transformed abundance data (Clarke & Warwick 2001) . Differences in community structure between the cluster groups at the 55% similarity level were assessed using a 1-way analysis of similarities (ANOSIM). Pairwise R statistics were used to further investigate variation in communities among clusters. To examine which taxa contributed most to the dissimilarities between clusters, and the similarities within each cluster, a 'similarity percentages' routine (SIMPER) was performed (Clarke & Gorley 2006) .
RESULTS

Pilot study: colonisation period and materials used for cage samplers
Between the 2 colonisation periods (4 and 6 wk), there was no significant difference in the family diversity or richness of invertebrates (Table 1 ). The same was also true of their total abundance after Bonferroni correction for multiple tests (Table 1) .
Invertebrate metrics were similar in the 2 sites, viz. rocky and vegetated (Table 2) . When the diversity of all sampler types was pooled, a significantly greater diversity of families was evident in samplers retrieved from vegetated site compared to those collected from the rocky site (Table 1) . However, when each sampler type was considered separately, this was only significant for the bottle brush (BB) samplers collected from the vegetated site after 4 wk (df = 1, F = 11.255, p = 0.028) and aquarium balls (AB) retrieved after 6 wk (df = 1, F = 45.791; p = 0.002). This was reflected also by an interaction between colonisation periods and sites (Table 1) . Other samplers yielded a similar diversity of invertebrates from both sites. The abundance of invertebrates differed significantly among the 5 samplers (Table 2 , Fig. 4 ) with the coconut brush and split palm frond (CBPF) samplers yielding the highest abundance (Table 1, Fig. 4 , Tukey pairwise test, p < 0.001). When considered separately for each colonisation period and site, the abundance of animals within the CBPF was significantly higher than all other samplers after 6 wk in the rocky site, greater than in the AB, ceramic tubes (CT), and granite chips (G) after 4 wk in the rocky site, and greater than in the BB and CT samplers after 4 wk in the vegetated site (Tukey pairwise test, p < 0.05; Table 2 ).
Overall, the richness of invertebrates collected CBPF samplers was higher than in CT and G samplers (Tukey pairwise test, p < 0.05, Fig. 4 ). The diversity of invertebrates did not differ significantly among samplers.
Main study: comparison of sampling devices
In total, 26 099 specimens were collected across all 54 samples from both site types. These represented 19 macroinvertebrate families plus 3 other taxa assessed at higher taxonomic levels (Acarina, Oligochaeta and Diptera pupae; Table 3 ).
Diversity, family richness and total abundance differed significantly among all 7 artificial substrate samplers but not between sites (Table 4, Figs. 5-7). A significant interaction was found for the diversity of families between site and sampler type (df = 6, F = 3.390, p = 0.012), reflecting a higher diversity of invertebrates sampled by the cage-CBPF in the vegetated site compared to the rocky site (df = 1, F = 9.688, p = 0.036). The CBPF sampler captured a significantly greater abundance of taxa than all other samplers (Fig. 5) . In general, benthic artificial substrate samplers containing coconut brushes with or without split palm fronds (i.e. Cage-CBPF, Cage-CB and Bag-CB) yielded a significantly greater richness, diversity and total abundance of invertebrate families than those without (Tukey pair-wise test, p < 0.05, Figs. 5-7) . Only the richness of families captured by the benthic PVC puzzle (B-Puz) sampler Fig. 6 . MDS ordination of community data revealed 4 main clusters at the 55% similarity level with a stress value of 0.08 (Fig. 8) , which indicates a good ordination with minimal risk of misinterpretation (Clarke & Warwick 2001) . Samplers within each cluster are summarised in Table 5 . Invertebrate communities varied significantly among the 4 clusters (ANOSIM, global R = 0.896, p = 0.001, Table 6 ). The families that contributed more than 10% to the dissimilarities among the 4 main clusters were Chironomidae (the main driver for differences between all pairs of clusters) as well as Polymitarcyidae and Micronectidae (Table 6 ). 
DISCUSSION
This study represents the first time that artificial substrate and hydraulic suction devices have been tested in the tropics. From the pilot study, we established that a colonisation period of 4 wk was sufficient to capture key groups of invertebrate taxa since a prolonged colonisation period of 6 wk yielded no additional richness or diversity of invertebrate families. We also determined that, among the 5 substrate types initially tested, CBPF samplers attained the greatest total abundance of all macroinvertebrate taxa, including those which are sensitive to disturbance and therefore important for biomonitoring purposes, such as Ephe-126 Fig. 5 . Variation in mean total abundance (+ SE) of macroinvertebrates that colonised each of 7 artificial substrate samplers after 4 wk. Fine horizontal connecting bars indicate significant differences (Tukey pairwise tests; p < 0.05). Invertebrate abundance in the samplers under the heavy horizontal bar on the left was significantly greater than in the samplers under the heavy horizontal bar on the right (Tukey pairwise tests; p < 0.05). See Table 5 for abbreviations Table 5 for abbreviations Fig. 8 . Two-dimensional multidimensional scaling (MDS) of invertebrates captured using 9 different sampler designs (see Table 5 for descriptions of samplers) at a rocky (R) and a vegetated (V) site. Bray-Curtis similarities were calculated on square-root transformed taxa abundances. Four main clusters (labelled A-D) were identified at the 55% similarity level. The outlier at the top of the plot is a rocky site HD-PVC sample where the number of taxa captured was extremely low meroptera. Thus CBPF were used in the investigation (the main study) to test the performance of different sampling devices. The comparison of taxa collected by the 9 different sampling devices tested in the main study indicated that Cage-CBPF was the most effective sampler, since it accrued the greatest family richness and abundance of benthic macroinvertebrates. In contrast, the hydraulic suction devices collected few individuals compared to the other samplers.
No significant differences in community structure were identified between 'rocky' and 'vegetated' sites; this is a surprising result, as macroinvertebrate communities generally exhibit spatial trends (Kerans et al. 1992) . Greater macroinvertebrate diversity, richness and abundance might be expected at the vegetated site, given the presence of emergent plants which should have increased habitat heterogeneity, thus providing a greater variety of shelter and food resources (Spänhoff & Arle 2007 , Theel et al. 2008 . In Lower Peirce, the weed-cutting regime reduced the inlake vegetation, leaving a relatively uniform silt/sand benthos with occasional woody debris. This habitat may have afforded invertebrates a less heterogeneous habitat than might be expected in a natural, unmanaged lake with riparian vegetation, thus effectively reducing habitat complexity and its potential to support more diverse invertebrate communities (Taniguchi & Tokeshi 2004) .
The diversity, richness and abundance of invertebrates trapped by the Bag-CB and the Cage-CB were similar. This suggests that the coconut brushes were responsible for the colonisation of macroinvertebrates, and not the device within which they were contained. The greater range of taxa and number of individuals collected by the samplers using coconut brushes could be explained by the greater habitat complexity offered by this substrate. Habitat complexity plays a major role in determining benthic community structure (e.g. Thomaz et al. 2008) . Theoretically, greater complexity will support greater diversity, richness and abundance of species because complex habitats possess more spatial resources (physical niches) than less complex ones (O'Connor 1991 , Kostylev et al. 2005 , Shumway et al. 2007 ). Complex habitats serve as predation refuges for benthic macroinvertebrates (Everett & Ruiz 1993 , Taniguchi & Tokeshi 2004 , and enhanced substrate heterogeneity should enable more species to coexist (Minshall 1984 , Hampton 2004 . Coconut brushes provide higher surface complexity, greater surface area and more interstitial spaces relative to artificial substrate samplers made from PVC or hardboard. Many studies have demonstrated that the presence of woody substrate is positively correlated to invertebrate abundance and diversity (Everett & Ruiz 1993 , Scealy et al. 2007 . Coconut brushes and split palm fronds are organic and thus likely to be important resources to various macroinvertebrates (Minshall 1984) . For example, case-and tube-making larvae of Trichoptera and Chironomidae tend be attracted to woody substrate and use it as a 127 Table 6 . Pairwise differences in invertebrate family abundance between the cluster groups defined in Table 5 raw material or as a food source (Hanna 1961 , Higler 1975 , Brennan et al. 1978 . Several taxa such as polymitarcyid and chironomid larvae may have therefore found the coconut brushes and split palm fronds attractive (Hubbard 1984 , Dudgeon 1999 . Palm fronds which were wound around the cage also appeared to trap sediment, representing another organic substrate that could support additional macroinvertebrate diversity (O'Connor 1991). The PVC puzzle block samplers (B-Puz and M-Puz) were designed to provide a range of spaces and surfaces to attract fauna, but they were less effective compared to the coconut brush samplers in capturing diversity, richness and numbers of macroinvertebrates. This may have been because the voids were too large in relation to the body size of the macroinvertebrates. PVC (despite being roughened) is perhaps not a satisfactory surface for sedentary macroinvertebrates to cling to (Minshall 1984) . As a hard substrate, PVC materials are also impenetrable; thus, burrowing organisms will be deterred (Minshall 1984) .
Among all the artificial substrate samplers, the industry standard multiplate Hester-Dendy samplers (Mamola 2005) yielded the fewest macroinvertebrates on all measures. PVC Hester-Dendy samplers supported an even lower diversity and macroinvertebrate abundance than hardboard ones. The hardboard substrate may have performed better due its organic make-up and greater surface rugosity.
In general, the mid-water samplers were ineffective. Being light-weight, small in size (Hester-Dendy samplers) and suspended in the water column means that mid-water samplers are less stable than benthic samplers (Minshall 1984) . Stability of the substrate plays an important role in the distribution of macroinvertebrates (Luedtke & Brusven 1976 , Malmqvist et al. 1978 , with at least an intermediate degree of stability needed to support a more abundant and diverse community (Stanford & Ward 1983) . In addition, macroinvertebrates in lentic environments tend to be closely associated with the benthos (Merritt & Cummins 1996) . Samplers closer to the bottom substrate are therefore expected to accumulate greater densities of organisms (Rosenberg & Resh 1993) .
The poor performance of the 2 hydraulic suction samplers could have been due to disturbance (e.g. sediment resuspension) caused by the samplers themselves (Blomqvist 1991) . Since macroinvertebrates often respond to disturbance quickly (Resh & Rosenberg 1984) they may have escaped the range of the suction samplers. In addition, there were probably few animals present within the 0.25 m 2 quadrat. The rocky site and sand/silt benthos of the vegetated littoral sites may have afforded limited suitable habitat and thus support relatively low densities of fauna (Shostell & Williams 2007) . The habitat provided by the coconut samplers was potentially more attractive than the natural environment, perhaps explaining their efficacy.
Did the artificial substrate sample a true representation of the actual community assemblage within the reservoir? Certain taxa may selectively colonise artificial substrate due to their specific habitat preference. For example, Polymitarcyidae and some Chironomidae have a preference for woody substrate, so these could be overrepresented in the coconut brush samplers (Minshall 1984 , Dudgeon 1999 , Hubbard 1984 . However, for regular biomonitoring programs, the need for reproducibility is more critical than a full community representation, as comparisons between standardised samples have to be made in order to determine and detect biotic responses to changes in water quality (Rosenberg & Resh 1993 , Parsons & Norris 1996 , Rinella & Feminella 2005 .
Generally, very little is known about the macroinvertebrate communities of tropical lentic systems (Dudgeon 1999 (Dudgeon , 2000 , and this is particularly true for Singapore's reservoirs. Except for a few orders, such as Gastropoda and Decapoda, for which many species have been identified, taxonomic knowledge to the species level of other macroinvertebrate taxa, including Chironomidae, Ephemeroptera, Trichoptera, Odonata, Oligochaeta and Acarina, is limited (Corlett 1992 , Ng 1992 , Ng et al. 1993 , Clements et al. 2006 ). The absence of regional macroinvertebrate keys for species-level identification eliminated the possibility of finer taxonomic resolution in the present study. Even though identification to higher taxonomic groups may mask or underestimate diversity, family-level biomonitoring should still remain capable of detecting major trends and differences in water quality (Furse et al. 1984 , Armitage et al. 1987 , Thorne & Williams 1997 . This gap in knowledge stresses the urgent need for work on the identification of aquatic macroinvertebrates in Southeast Asia.
In conclusion, the Cage-CBPF sampler was the most effective in terms of capturing the highest abundance and family richness of benthic macroinvertebrates compared to a range of other novel artificial substrate samplers, traditional suction devices and Hester-Dendy samplers. More generally, any sampler containing coconut brushes yielded a greater richness and diversity of invertebrate families than those without. Cage-CBPF samplers performed consistently on both hard-and soft-bottomed littoral substrata, further supporting their suitability as a standardised sampler for biomonitoring among different lentic habitat types. This sampler is easy to fabricate from materials that are cheap and readily available in the tropics, and it therefore has substantial potential to be used for lentic biomonitoring programmes in low-latitude countries around the world. 
